The mechanisms coordinating adhesion, actin organization, and membrane traffic during growth cone migration are poorly understood. Neuritogenesis and branching from retinal neurons are regulated by the Rac1B/Rac3 GTPase. We have identified a functional connection between ADP-ribosylation factor (Arf) 6 and p95-APP1 during the regulation of Rac1B-mediated neuritogenesis. P95-APP1 is an ADP-ribosylation factor GTPase-activating protein (ArfGAP) of the GIT family expressed in the developing nervous system. We show that Arf6 has a predominant role in neurite extension compared with Arf1 and Arf5. Cotransfection experiments indicate a specific and cooperative potentiation of neurite extension by Arf6 and the carboxy-terminal portion of p95-APP1. Localization studies in neurons expressing different p95-derived constructs show a codistribution of p95-APP1 with Arf6, but not Arf1. Moreover, p95-APP1-derived proteins with a mutated or deleted ArfGAP domain prevent Rac1B-induced neuritogenesis, leading to PIXmediated accumulation at large Rab11-positive endocytic vesicles. Our data support a role of p95-APP1 as a specific regulator of Arf6 in the control of membrane trafficking during neuritogenesis.
INTRODUCTION
Actin dynamics during growth cone navigation evolve into stabilization of the cytoskeleton and neurite elongation (Tanaka and Sabry, 1995) . Although a large amount of information exists about the extracellular mechanisms driving these processes, large gaps still exist in the comprehension of the corresponding intracellular events. Neurite extension requires the concerted development of a number of events, including actin polymerization, formation of new adhesive sites, and membrane addition, to extend the surface of the elongating neurite. The Rho family of small GTPases is implicated in the organization of the actin cytoskeleton and adhesion during neuronal differentiation (reviewed by Luo, 2000) . Analyses in different organisms and studies with primary neurons have shown that Rac acts as a regulator of process outgrowth and axonal guidance (reviewed by Luo, 2000) . Among Rho GTPases, Rac stimulates actin polymerization at the cell surface (Ridley and Hall, 1992) necessary for the crawling of the growth cone.
In our laboratory, we have identified Rac1B, a Rac expressed during neural development (Malosio et al., 1997) , which is the orthologue of mammalian Rac3 (Haataja et al., 1997) . The overexpression of Rac1B/Rac3 in retinal neurons specifically stimulates neurite extension and branching on laminin (Albertinazzi et al., 1998) . Expression of mutant Rac1B abolishes neurite formation induced by the endogenous GTPase.
Recently, we have identified p95-APP1 (Di Cesare et al., 2000) , an ADP-ribosylation factor GTPase-activating protein (ArfGAP) of the GIT family (reviewed by Donaldson and Jackson, 2000; de Curtis, 2001) . The data available in the literature and searches of the available genomic and enhanced sequence tag banks have recently led us to conclude that avian p95-APP1 is most likely the orthologue of mammalian GIT1. P95-APP1 is able to interact with the putative exchanging factor PIX (Manser et al., 1998) , and with the focal adhesion protein paxillin (Turner et al., 1999) . By forming a stable complex with these proteins and with the Rac effector PAK, which binds the Src homology 3 domain of PIX (Manser et al., 1998) , p95-APP1 can interact with Rac1B in a GTP-dependent manner (Di Cesare et al., 2000) . We will refer to this complex as the p95-complex. The molecular dissection of the function of this multidomain protein in nonneuronal cells has shown that, although the carboxy-terminal portion has a diffuse distribution and induces protrusive activity in fibroblasts (Di Cesare et al., 2000) , ArfGAP-deficient mutants specifically accumulate at large, Rab11-positive vesicles, suggesting a role for this ArfGAP in membrane recycling (Matafora et al., 2001) .
The small GTPase ADP-ribosylation factor (Arf) 6 is a substrate for various members of this family of ArfGAPs in vitro (Vitale et al., 2000) . Arf6 colocalizes with p95-APP1-derived constructs at the endocytic compartment of transfected fibroblasts (Di Cesare et al., 2000) and is implicated in the regulation of membrane recycling between the endosomal compartment and the cell surface (Peters et al., 1995; Radhakrishna et al., 1996) . Colocalization of Rac1 and Arf6 both at the plasma membrane and recycling endosomes, and block of Rac1-stimulated ruffling by the GTP binding-defective N27Arf6 mutant (Radhakrishna et al., 1999) , have suggested that the ability of Arf6 to influence Rac1-mediated lamellipodia depends in part on the regulation of its trafficking to the plasma membrane.
Recently, a model has been proposed in which p95-APP1 may regulate membrane recycling to sites of Rac activation during cell motility (de Curtis, 2001 ). Herein, we have analyzed the role played by Arf6 and the p95 complex in Rac1B-induced neurite extension in primary neurons. We show a specific functional connection between Arf6 and p95-APP1 during Rac1B-mediated neurite extension and branching. ArfGAP mutants of p95-APP1 were found to dramatically inhibit neurite extension and to accumulate specifically at large Rab11-positive endosomes.
MATERIALS AND METHODS

Reagents
Fertilized chicken eggs were purchased from Allevamento Giovenzano (Vellezzo Bellini, Italy). Laminin-1 was purified from Engelbreth-Holm Swarm sarcoma as published previously (Timpl et al., 1979) . The polyclonal antibodies (pAbs) against PIX (Manser et al., 1998) , Arf6 (Gaschet and Hsu, 1999) , Rab11 (Sonnichsen et al., 2000) , early endosome antigen 1 (EEA1; Simonsen et al., 1998) , have been described previously. Other antibodies included anti-neurofilament 3A10 monoclonal antibody (mAb) (Serafini et al., 1996) , obtained by the Developmental Studies Hybridoma Bank (The University of Iowa, Iowa City, IA); anti-FLAG M5 (Sigma Aldrich, St. Louis, MO); pAb anti-FLAG (Santa Cruz Biotechnology, Santa Cruz, CA); anti-hemagglutinin (HA)-Tag mAb 12CA5 and anti-HA-Tag pAb (Babco, Richmod, CA); anti-Myc mAb 9E10 (Sigma-Aldrich, Milano, Italy); anti-paxillin mAb (Transduction Laboratories, Lexington, KY); mAb against LEP100 (Fambrough et al., 1988) 
Constructs
The pBK-Arf6, pBK-N27Arf6, and pBK-L67Arf6 plasmids were obtained by subcloning the cDNAs corresponding to avian Arf6, Arf6(N27), and Arf6(L67) into the pBK-CMV vector (Stratagene, Heidelberg, Germany). The cDNA for chicken Arf1 and Arf5 were amplified by polymerase chain reaction (PCR) from an E15 chick brain cDNA library. The cDNAs for Arf1, Arf5, Arf6, N27Arf6, and L67Arf6 were cloned into a pBK-CMV vector modified to include a sequence coding for a HA tag at the carboxy terminus of the Arf proteins. The pBK-Arf1-HA and pBK-Arf5-HA plasmids were used to produce pBK-N31Arf1-HA, pBK-L71Arf1-HA, pBK-N31Arf5-HA, and pBK-L71Arf5-HA, with degenerate oligonucleotides in combination with the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The pcDNA-I-HA-Rac1B, pFLAG-p95, pFLAG-p95-C, pFLAG-p95-C2, pFLAG-p95-K39, pFLAG-p95-N, and pFLAG-LacZ plasmids were described previously (Malosio et al., 1997; Di Cesare et al., 2000; Matafora et al., 2001) . The pFLAGp95-⌬SHD plasmid, lacking most of the region coding for the Spa2 homology domain (SHD), was prepared by inserting a PCR fragment corresponding to the amino-terminal portion of p95-APP1, obtained by PCR with the oligonucleotides 5Ј-CCCAAGCTTAT-GTCCCGGAAGGCGCAGC-3Ј and 5Ј-CCGATATCCAGGTC-CAGGC TGTCTGCC-3Ј, into the pFLAG-p95-C2 vector, from which the sequence coding for most of the SHD domain was first removed by digesting with HindIII and EcoRV. The pCMV6 m/PAK1 plasmid coding for the Myc-tagged PAK1, and the pXJ40-HA-␤PIX plasmid coding for the HA-tagged ␤PIX polypeptide were described previously (Manser et al., 1998; Bernard et al., 1999) .
Northern Blot Analysis
Total RNA was prepared from different organs from E10 chicken embryos, and from E10 CEFs, by a single-step RNA isolation method (Chomczynski and Sacchi, 1987) . Northern blot analysis of total RNA (20 g/lane) was performed as described previously (Lehrach et al., 1977) . Blots were hybridized with a 1-kb probe corresponding to the 5Ј region of the cDNA for p95-APP1. Hybridization took place in hybridization buffer supplemented with 32 Plabeled probes (1-2 ϫ 10 6 cpm ml
Ϫ1
) for 21 h at 65°C. After highstringency washes at 65°C, x-ray films were exposed for 3-7 d to the hybridized filters.
Culture and Transfection of Cells
Neural retinal cells were prepared from E6 chick neural retinas and cultured on 0.2 mg ml Ϫ1 poly-d-lysine and 40 g ml Ϫ1 laminin-1 (Albertinazzi et al., 1998) . For transfection by electroporation, retinal cells were resuspended in cytomix, pH 7.6 (120 mM KCl, 0.15 mM CaCl 2 , 10 mM K 2 HPO 4 /KH 2 PO 4 , 25 mM HEPES, 2 mM EGTA, and 5 mM MgCl 2 ) to a final concentration of 65 millions of cells ml Ϫ1 . Then 200 l of cell suspension was placed in a Gene Pulser cuvette (Bio-Rad, Hercules, CA) and 50 g of plasmid was added (40 g of each plasmid in cotransfection experiments). After an incubation on ice for 5 min, cuvettes were subjected to two sequential pulses at 0.4 kV and 125 F, resuspended in 10 ml of serum-free retinal growth medium, and plated on polylysine ϩ laminin-coated coverslips. Cells were cultured for 20 -24 h at 37°C, 5% CO 2 and fixed for immunofluorescence. Quantification of the effects of the overexpression of the constructs in retinal neurons were made by examining transfected, neurofilament-positive neurons, or cotransfected neurons. For each type of transfection, at least 50 neurons were morphologically examined from at least two distinct experiments (total of 100 neurons/experimental condition). Long neurites were equal or longer than three cell body diameters, short neurites were shorter than three cell body diameters. For measures of total neurite length and of number of neurite terminals, a total of 30 neurons from two independent experiments were examined by using the Image-Pro Plus program (Media Cybernetics, Silver Spring, MD).
Affinity Chromatography
Glutathione S-transferase (GST)-Rac1B was produced and purified as described previously (Albertinazzi et al., 1998) . Then 0.5 mg of GST-Rac1B bound to 50-l aliquots of glutathione-agarose beads (Sigma-Aldrich) was loaded for 10 min at 37°C with 0.1 mM guanosine 5Ј-O-(3-thio)triphosphate (GTP␥S) or guanosine 5Ј-O-(2-thio)diphosphate (GDP␤S) in 20 mM HEPES-NaOH, pH 7.5, 50 mM NaCl, 1 mM EDTA and 1 mM dithiothreitol (DTT). Loading was stopped by adding MgCl 2 to 5 mM final concentration. Protein (3-3.5 mg) from E6 retinas extracts in lysis buffer (1% Triton X-100, 150 mM NaCl, 20 mM Tris-Cl, pH 7.5, 1 mM DTT, 1 mM Naorthovanadate, 5 mM MgCl 2 , and 20 g ml Ϫ1 each of antipain, chymostatin, leupeptin, and pepstatin) were added to beads and incubated for 1 h at 4°C with rotation. Beads were washed three times with 0.5 ml of lysis buffer, loaded onto 7.5% polyacrylamide gel for SDS-PAGE and immunoblotting.
Immunofluorescence
Transfected cells were fixed with 3% paraformaldehyde and processed for indirect immunofluorescence. Fluorescent images were collected using the Image-Pro Plus software package (and processed using Adobe Photoshop 5.0).
Immunoprecipitation and Immunoblotting
Transfected COS-7 cells were extracted with lysis buffer (0.5% Triton X-100, 150 mM NaCl, 20 mM Tris-Cl, pH 7.5, 2 mM MgCl 2 , 1 mM Na-orthovanadate, 10 mM NaF, 0.1 mM DTT, and 20 g ml Ϫ1 each of antipain, chymostatin, leupeptin, and pepstatin). Lysates were clarified by centrifugation and incubated for 2 h with rotation at 4°C with 40 l of protein A-Sepharose beads preincubated with10 l of preimmune serum. The unbound material was incubated for 2 h with rotation at 4°C with 40 l of protein A-Sepharose beads preincubated with 10 l of immune anti-PIX serum. Immunoprecipitates were washed twice with 0.5 ml of lysis buffer and analyzed by SDS-PAGE and immunoblotting with the indicated antibodies. For the detection of primary antibodies, blots were incubated with 0.2 Ci ml Ϫ1 of either 125 I-anti-mouse Ig, or 125 I-protein A (Amersham Biosciences), washed, and exposed to Hyperfilm-MP (Amersham Biosciences).
RESULTS
Expression of p95-APP1 in Neural Tissue
Expression of the p95-APP1 gene in embryonic tissues was investigated by Northern blot analysis (Figure 1 A) . A 2.8-kb transcript was detected by hybridizing filters with total RNA isolated from various tissues of embryonic day 10 (E10) avian embryos and from E10 chicken embryo fibroblasts (CEFs). P95-APP1 was particularly abundant in neural tissues, including neural retina. In embryonic day 6 (E6) neural retinas, the source of neurons used in this study, the level of the transcript was relatively low. Because p95-APP1 has been shown to interact with PIX and paxillin (Di Cesare et al., 2000) , we have checked for the presence of this complex in E6 neural retinas. P95-APP1, PIX, and paxillin were specifically detected after chromatography with retinal extracts on GST-Rac1B-GTP␥S, but not on GST-Rac1B-GDP␤S ( Figure 1B ). These data show the existence of an endogenous p95-APP1/PIX/paxillin complex in E6 neural retinal cells.
Mutants of p95 Lacking a Functional ArfGAP Domain Inhibit Neuritogenesis
To look at the effects of p95-APP1 on neurite extension, we have transfected E6 retinal neurons with a number of p95-derived proteins ( Figure 1C ) and cultured the transfected cells for 1 d on laminin-1 to induce neurite extension (Adler ( Figure 1C ), enhances the formation of protrusions in fibroblasts (Di Cesare et al., 2000) . The expression of p95-C did not have such a dramatic effect in neurons, although it was more common to find neurons with two neurites ( Figure 2E ), and resulted in an increase of total neurite length/neuron compared with neurons expressing ␤-galactosidase ( Figure  3D ). In contrast, neuritogenesis was heavily affected by the expression of p95-C2 ( Figure 2F ), which differed from p95-C for the presence of the SHD somain required for binding to PIX ( Figure 1C ). Approximately 60% of the p95-C2-transfected neurons showed complete inhibition of neurite formation ( Figure 2L ). Similar findings were observed by expressing the p95-K39 protein (Matafora et al., 2001) , in which the mutation of a conserved arginine, corresponding to arginine 39 in p95-APP1, is known to drastically reduce the GAP activity in a number of ArfGAPs (Mandiyan et al., 1999; Jackson et al., 2000; Randazzo et al., 2000; Szafer et al., 2000) . P95-K39 clearly inhibited neurite extension ( Figure 2G ). P95- Figure  2G ). These data indicate the requirement of an intact Arf-GAP domain in p95-APP1 for neurite outgrowth on laminin. Both p95-C2 and p95-K39 are able to interact with PIX and paxillin in nonneuronal cells (Matafora et al., 2001) . In retinal neurons, endogenous paxillin redistributed from the diffuse punctate pattern observed in nontransfected neurons, to the large p95-C2-positive vesicles (Figure 2, H and I ). Concentration at large p95-C2 vesicle was also observed in cells cotransfected with PIX ( Figure 2J ) or PAK ( Figure 2K ). Similar results were observed in neurons expressing p95-K39 (our unpublished data). Therefore, mutations affecting the ArfGAP domain of p95-APP1 induced the accumulation of the entire p95-complex at the large vesicles. These data indicate a correlation between the formation of the large vesicles, and the inhibition of neuritogenesis by p95-C2.
The differences between p95-C2 and p95-C strongly suggest that the SHD domain responsible for PIX binding is critical for the accumulation of p95-C2 at the large vesicles, which results in the inhibition of neuritogenesis. This conclusion was supported by the analysis of the effects of the expression of p95-⌬SHD, in which the SHD domain responsible for the interaction with PIX had been deleted ( Figure  1C ). Biochemical analysis in nonneuronal cells showed that in contrast to the wild-type p95-APP1, the p95-⌬SHD polypeptide could not be efficiently coimmunoprecipitated with wild-type ␤PIX ( Figure 3A) . Transfection of this mutant induced long neurites ( Figure 3B ) and branching in a fraction of the transfected neurons ( Figure 3C ). Quantitation showed that the increase in total neurite length/neuron by p95-⌬SHD was similar to that observed by expressing p95-C ( Figure 3D ).
Specific Accumulation of p95-C2 at Recycling Endosomes
The large vesicles positive for p95-C2 were positive for Rab11 (Figure 4, A and B) , a functional marker of the endocytic recycling compartment (Ullrich et al., 1996) . The accumulation of p95-C2 at this compartment was specific, because the subcellular distribution of both the early endocytic marker EEA1 (Figure 4 , D and E), the lysosomal marker LEP100 (Figure 4 , F and G), and the Golgi marker ␤COP (Figure 4 , H and I) did not show any evident overlap with the p95-C2-positive vesicles. For comparison, in nontransfected neurons Rab11 was distributed in a cytoplasmic punctated pattern along neurites and at the growth cone ( Figure  4C ). These data show that ArfGAP-defective p95 proteins induced a dramatic and specific alteration of the morphology of the neuronal recycling compartment.
Arf6 Activity Is Necessary for Neurite Extension
Mammalian GIT proteins have GAP activity for different Arf proteins in vitro, including Arf6 (Vitale et al., 2000) . The Arf affected by p95-APP1 activity in vivo has not been identified Neurons expressing p95-C2 were costained with antibodies against markers for distinct intracellular compartments. P95-C2 colocalized with the recycling endosomal marker Rab11 (A and B), whereas no colocalization was evident with the early endosomal marker EEA1 (D and E), the lysosomal marker LEP100 (F and G), and the Golgi marker ␤COP (H-I). In C is shown the normal appearance of the Rab11 compartment in untransfected retinal neurons. Bar, 5 m.
yet. We have started by analyzing the effects of the expression of members of class I (Arf1), class II (Arf5), and class III (Arf6) Arfs on neurite extension. Overexpression of any of the three wild-type proteins did not evidently affect the percentage of neurons with a long neurite ( Figure 5A ). In contrast, the GTP binding-defective N27Arf6 mutant strongly inhibited the formation of neurites, with Ͼ70% of the transfected cells without neurite ( Figure 5B) . A strong inhibition of neurite formation was observed also when the constitutively active mutant L67Arf6 was expressed, with Ͼ85% of transfected neurons without neurites ( Figure 5C ). In comparison, weaker effects on neurite extension were observed in cells expressing the corresponding mutants for Arf1 and Arf5. The observed effects on neuritogenesis were not due to differences in the levels of expression of mutants from distinct Arf classes, as checked by quantitation of the overexpressed proteins at the single cell level (our unpublished data). These results show that Arf6 plays a major role among the tested Arfs during neurite extension.
We have then further explored the possible functional relationship between Arf6 and p95-APP1 during neuritogenesis. We noticed that coexpression of wild-type Arf6 with the truncated p95-C protein resulted in several neurons with evidently longer, often branched neurites (our unpublished data). In comparison, coexpression of either Arf1 or Arf5 with p95-C did not seem to evidently affect neurite length (our unpublished data). To quantify these effects we measured the total neurite length/neuron in cotransfected neurons ( Figure 5D ). The quantitation clearly shows that the potentiation of neuritogenesis observed by the coexpression of p95-C with wild-type Arf6 was not observed by coexpressing p95-C with either wild-type Arf1 or Arf5. More- 
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Vol. 14, April 2003 over, coexpression of the GTP-binding defective N27Arf6 with p95-C not only prevented the potentiation but also inhibited basal neurite extension compared with control neurons ( Figure 5D ). Together, our functional analysis shows a predominant role of Arf6 on neurite extension in retinal neurons with respect to other Arfs and indicates a specific functional connection between Arf6 and p95-APP1.
Specific Colocalization of Arf6 with p95-APP1-derived Proteins in Retinal Neurons
We have recently shown that the truncated p95-N protein, including the ArfGAP domain ( Figure 1C ), colocalized at endocytic vesicles with the inactive N27Arf6 protein (Matafora et al., 2001) . We confirmed this finding in retinal neurons, where N27Arf6 colocalized intracellularly with p95-N ( Figure 6, A and B) . Arf6 is the only known member of class III Arfs. We then looked at the distribution of members of class I and II Arfs for comparison. The GTP-binding-defective N31Arf1 protein did not colocalize with p95-N ( Figure  6 , C and D), whereas the corresponding N31Arf5 mutant colocalized with p95-N ( Figure 6 , E and F). This mutant was found at vesicles also when expressed in the absence of p95-N ( Figure 6G ). The lack of colocalization of N31Arf1 with p95-N was not due to a lower level of expression of N31-Arf1, as determined by quantitation of the intensity of fluorescence in cells transfected with the three mutants (our unpublished data). Our data suggest that p95-APP1 may establish a functional interaction with Arf6 and Arf5 in vivo.
When overexpressed, the wild-type Arf6 showed a diffuse distribution along neurites, without visibly affecting the morphology of neurons ( Figure 7A ). In contrast, overexpressed wild-type Arf1 showed a perinuclear staining, which largely overlapped with the distribution of the Golgi marker ␤COP (Figure 7 , B and C). It has recently been shown that the overexpression of GIT2 caused the redistribution of ␤COP, whose subcellular distribution is regulated by Arf1, but not Arf6 (Mazaki et al., 2001) . Overexpression of p95-APP1 did not affect the distribution of ␤COP in retinal neurons (our unpublished data). Moreover, in contrast to wild-type Arf1 (Figure 7 , F and G), wild-type Arf6 showed a clear colocalization with truncated p95-C2 at large vesicles (Figure 7, D and E) . When p95-C2 was coexpressed with wild-type Arf5 (Figure 7 , H and I), the colocalization between the two polypeptides was not evident in most cells, even when analyzed by confocal microscopy (our unpublished data). Together, these data indicate that in vivo p95-APP1 is a regulator of Arf6 and possibly Arf5, whereas they exclude a role for Arf1. In this direction, it is interesting to observe that the expression of the GTP hydrolysis-defective L67Arf6 mutant, which strongly inhibited neurite outgrowth ( Figure 5C ), resulted in the localization of this polypeptide at intracellular vesicles ( Figure 7 , J and K).
Wild-Type Arf6 and p95-APP1 Are Required for Rac1B-potentiated Neuritogenesis E6 retinal neurons express both Rac1 and Rac1B/Rac3 GTPases (Malosio et al. 1997) . We have previously shown that retinal neurons require low levels of endogenous Rac1B for basal neurite extension (Albertinazzi et al., 1998) , whereas overexpression of Rac1B induces the generation of several branched neurites ( Figure 8A ). Coexpression of Rac1B with full-length p95-APP1 resulted in a small reduction in the percentage of cotransfected neurons with branched neurites compared with Rac1B-transfected cells ( Figure 8C ). No significant effects were observed between the two conditions on the average number of branches/neuron (our unpublished data). Coexpression of N27Arf6 strongly reduced Rac1B-induced branching and neuritogenesis in most cotransfected neurons ( Figure 8B) , with a fivefold decrease in the percentage of neurons with branched neurites, and a 3.6-fold increase of neurons without neurites, compared with neurons expressing Rac1B only ( Figure 8C ). Rac1B-potentiated neurite outgrowth was inhibited also by the coexpression of the truncated p95-C2 polypeptide ( Figure 8C ). Interestingly, in cotransfected cells wild-type Rac1B localized at the large p95-C2-positive vesicles (our unpublished data). Together, these results show that both N27Arf6-and ArfGAP-defective p95-C2 have dominant negative effects on Rac1B-mediated neurite extension on laminin.
DISCUSSION
Our previous studies have led to the identification of Rac1B, a Rho family GTPase specifically expressed during neuronal development (Malosio et al., 1997) . Rac1B has a potentiating effect on neuritic development and branching (Albertinazzi et al., 1998) . More recently, we have identified a protein complex specifically interacting with active GTP-bound Rac GTPases (Di Cesare et al., 2000) , which includes p95-APP1, a member of an ArfGAP family, including the mammalian GIT1 and GIT2 proteins , which correspond to avian p95-APP1 and PKL/p95-APP2, respectively (Turner et al., 1999; Paris et al., 2002) . The characterization of the p95 complex in nonneuronal cells has led us to propose a role for this protein in connecting membrane traffic with actin dynamics during cell motility (de Curtis, 2001) . In this study, we have analyzed the role of this complex in neurite development from primary neurons. The major findings from this work are the following: first, mutation/deletion of the ArfGAP domain of p95-APP1 leads to the accumulation of the p95 complex at large Rab11-positive vesicles, and to the concomitant inhibition of neurite extension; second, morphological and functional analysis with different Arf proteins has revealed a specific functional connection between Arf6 and the ArfGAP p95-APP1 during neurite extension; and third, Arf6 activity is specifically required for Rac1B-mediated neurite elongation.
The complex structure of p95-APP1 has made essential the use of deletion mutants to explore its function. In neurons, overexpression of the full-length protein or of the carboxyterminal p95-C protein does not induce dramatic effects on neuronal morphology. In contrast, the expression of proteins with a mutated or deleted ArfGAP domain, but preserving the PIX-binding site, drastically inhibits neurite extension. Such inhibition is accompanied by the specific accumulation of the p95-complex at enlarged vesicles positive for Rab11, a functional marker of the endocytic recycling compartment (Ullrich et al. 1996; Ren et al. 1998) . This indicates a functional connection between membrane recycling and neurite extension in retinal neurons.
Growth cones are sites of intense endocytosis, and require an equivalent membrane flow back to the surface to maintain equilibrium. Recent work has shown the existence of dynamic recycling endosomes in axons and dendrites of developing hippocampal neurons (Prekeris et al., 1999) . The endocytic/exocytic mechanism may represent a dynamic reservoir of mobile membrane to quickly respond to extra- cellular stimuli, leading to growth cone-mediated neurite extension or retraction (Craig et al., 1995) . A contribution to neurite progression may therefore come also from endocytosed, recycled membranes; membrane recycling at the growth cone has recently been demonstrated (Diefenbach et al., 1999) . In this direction, one interpretation of our results is that the p95-APP1 ArfGAP mutants (p95-C2 and p95-K39) interfere with vesicle recycling along the neurite, leading to membrane accumulation in the soma, with ensuing inhibition of neurite extension.
Further support to the role of membrane recycling during neurite extension comes from the specific effects of Arf6 on neurites. Arf6 is implicated in membrane recycling at the plasma membrane (D'Souza-Schorey et al., 1995; Peters et al., 1995) . A clear-cut inhibitory effect of both normal and Rac1B-enhanced neuritogenesis could be observed by expressing mutants affecting the nucleotide cycle of Arf6. Corresponding mutants for Arf1 and Arf5, representatives of class I and class II Arfs, respectively, showed weaker inhibitory effects on neuritogenesis, indicating a prominent role of Arf6 in this process. These data also show that a cycling GTPase is required for neurite extension, as already observed for other GTPases implicated in the regulation of neuritogenesis (Luo, 2000) . This requirement probably reflects the need for a cyclic mode of signaling, appropriate to a highly dynamic process such as neurite extension.
Arf proteins have very slow rates of GTP hydrolysis and require specific GAP proteins to be inactivated (Welsh et al., 1994) . The Arf-GAP activity of GIT proteins on distinct Arf proteins, including Arf6, has been recently demonstrated in vitro (Vitale et al., 2000) . The colocalization of the p95-APP1 mutants with Arf6 at endocytic vesicles, and the lack of evident colocalization of p95-APP1 with Arf1 indicate a specific role for p95-APP1 as a regulator for Arf6 in these neurons. Accordingly, although GIT2 has been recently shown to specifically affect Arf1-mediated ␤COP distribution in nonneuronal cells (Mazaki et al., 2001 ), we could not detect any effect on ␤COP distribution by overexpressing p95-APP1 in retinal cells. A partial overlap between p95-N and Arf5 was also observed. Like Arf1, Arf5 has been implicated in the regulation of traffic in the Golgi (Liang and Kornfeld, 1997) , although recent findings suggest that Arf5 may also influence the same cellular pathways influenced by Arf6 through common effectors (Shin et al., 2001) . In support of the functional connection between p95-APP1 and Arf6, we also detected a potentiation of neuritogenesis in cells coexpressing wild-type Arf6 and p95-C. This potentiation was not observed in neurons coexpressing either Arf1 or Arf5 with p95-C and could be prevented by expressing either p95-C2 with wild-type Arf6, or the dominant negative N27Arf6 with p95-C. Together, these data imply the requirement of Arf6 and p95-APP1 in membrane recycling. We would like to speculate that, like Arf1 in the Golgi (Roth, 1999) , Arf6 regulates vesicle formation during recycling from endosomes to the plasma membrane. Like the Arf1-specific ArfGAP protein in the Golgi (Goldberg, 1999) , p95-APP1 would play a role in the regulation of these events at recycling endosomes. In this direction, it is interesting to observe that in retinal neurons accumulation of Arf6 at intracellular sites could be induced either by coexpressing the wild-type Arf6 protein with the ArfGAP-defective p95-C2 (or p95-K39) construct, or by expressing the GTP hydrolysis-defective mutant L67Arf6. In both cases, intracellular accumulation may be caused by the inability of Arf6 GTP to be converted into Arf6 GDP. The finding that L67Arf6 accumulates at perinuclear sites in retinal neurons is apparently in contrast with what was previously reported in nonneuronal cells (Peters et al., 1995) , where the GTP hydrolysis-defective mutant was localized to the plasma membrane. This difference may be due to the different cellular systems analyzed in the two studies.
The finding that overexpression of the full-length ArfGAP p95-APP1 does not prevent Arf6-mediated neuritogenesis could be explained in different ways. P95 is a multidomain protein, probably undergoing complex spatial and temporal regulation. One would expect the effects of the full-length protein to be tightly regulated in the cell, so to have a functional protein only where and when it is necessary. This would also explain why ArfGAP proteins that show broad specificity in vitro have a more restricted specificity in vivo. Only a limited pool of p95-APP1 would be activated in the cell at any time in our system. If so, the differences observed in different cell systems may arise not only by the different levels of endogenous ArfGAP but also by different levels of the protein(s) regulating their function. Future work on the function and regulation of GIT proteins will help clarifying this point.
By considering the differences between p95-C and p95-C2 and the results obtained with the p95-⌬SHD mutant, our results show that both the lack of an active ArfGAP domain, and the presence of the PIX-binding domain are necessary for the accumulation of the p95-complex at enlarged Rab11-positive endosomes, and for the concomitant inhibition of neurite extension. It is therefore reasonable to implicate PIX in the recruitment of the p95-APP1 complex at the Rab11 compartment. According to our hypothesis, the combination of PIX-mediated recruitment of p95 at endocytic membranes, with the inability of ArfGAP mutants to regulate Arf6-mediated membrane recycling from the compartment, causes the accumulation of endocytic membranes at an abnormal Rab11-positive compartment, and the coincident inhibition of neurite formation.
Together, our analysis has identified a functional interplay between p95-APP1 and Arf6 during Rac1B-mediated neurite extension on laminin and has provided evidence for an important role of the p95-complex in the regulation of membrane traffic during neuritogenesis.
